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ABSTRACT
Context. In wind-powered X-ray binaries, the radiatively driven stellar wind from the primary may be inhibited by the X-ray irradia-
tion. This creates the feedback that limits the X-ray luminosity of the compact secondary. Wind inhibition might be weakened by the
effect of small-scale wind inhomogeneities (clumping) possibly affecting the limiting X-ray luminosity.
Aims. We study the influence of X-ray irradiation on the stellar wind for different radial distributions of clumping.
Methods. We calculate hot star wind models with external irradiation and clumping using our global wind code. The models are
calculated for different parameters of the binary. We determine the parameters for which the X-ray wind ionization is so strong that
it leads to a decrease of the radiative force. This causes a decrease of the wind velocity and even of the mass-loss rate in the case of
extreme X-ray irradiation.
Results. Clumping weakens the effect of X-ray irradiation because it favours recombination and leads to an increase of the wind mass-
loss rate. The best match between the models and observed properties of high-mass X-ray binaries (HMXBs) is derived with radially
variable clumping. We describe the influence of X-ray irradiation on the terminal velocity and on the mass-loss rate in a parametric
way. The X-ray luminosities predicted within the Bondi-Hoyle-Lyttleton theory agree nicely with observations when accounting for
X-ray irradiation.
Conclusions. The ionizing feedback regulates the accretion onto the compact companion resulting in a relatively stable X-ray source.
The wind-powered accretion model can account for large luminosities in HMXBs only when introducing the ionizing feedback.
There are two possible states following from the dependence of X-ray luminosity on the wind terminal velocity and mass-loss rate.
One state has low X-ray luminosity and a nearly undisturbed wind, and the second state has high X-ray luminosity and exhibits a
strong influence of X-rays on the flow.
Key words. stars: winds, outflows – stars: mass-loss – stars: early-type – hydrodynamics – X-rays: binaries
1. Introduction
X-ray binaries contain a non-degenerate donor star, which de-
posits part of its mass on the degenerate companion, typically a
neutron star or a black hole. This mechanism gives rise to ob-
jects which belong to the most luminous X-ray sources in the
universe. A class of high-mass X-ray binaries (HMXBs) is pow-
ered by accretion of the radiatively drivenwind blowing from the
non-degenerate star (Davidson & Ostriker 1973; Lamers et al.
1976).
The wind in HMXBs has a very complex structure on various
spatial scales. Accretion onto the compact companion proceeds
in different forms depending on the strength of the magnetic field
of the compact star and on its rotation (see Martínez-Núñez et al.
2017, for a review). On large scales, the primary star wind
is strongly influenced by X-ray irradiation originating from
the compact companion. Since hot star winds are driven by
light absorption in lines of heavier elements, the strong X-
ray irradiation affects the line force (Hatchett & McCray 1977;
Fransson & Fabian 1980). This results in a complex structure
of the flow that has to be studied using numerical simulations
(Blondin et al. 1990; Feldmeier et al. 1996; Cˇechura & Hadrava
2015; El Mellah et al. 2018). The simulations predict the exis-
tence of a photoionization wake, which was detected observa-
tionally (Kaper et al. 1994).
The complex structure of the flow causes severe problems
in numerical simulations. Self-consistent calculation of the ra-
diative force requires determination of ionization and excitation
state of the flow, which is far from equilibrium. Therefore, the ra-
diative transfer equation has to be solved together with equations
describing ionization and excitation balance (kinetic equilibrium
equations). This resulting NLTE problem (that allows departures
from the LTE) has not yet been solved in its full complexity.
To make the problem tractable, the modelling either simpli-
fies the radiative driving enabling us to unveil the large-scale
three-dimensional (3D) flow structure (Blondin et al. 1990), or
it solves the wind equations in spherical symmetry (1D) and
provides detailed calculation of the radiative force. The latter
approach (Krticˇka et al. 2012, 2015; Sander et al. 2018) is able
to estimate binary parameters for which the influence of X-rays
becomes important. Wind models with detailed radiative force
also show the decrease of the wind velocity due to X-ray irradia-
tion, which was detected observationally (van Loon et al. 2001;
Watanabe et al. 2006).
An overly strong X-ray source may even inhibit the wind be-
fore it reaches the compact companion and quenches itself. As
a result, there is a limit to the X-ray luminosity, which depends
on the properties of a given binary system. This can be conve-
niently displayed in diagrams relating the X-ray luminosity and
the optical depth parameter (Krticˇka et al. 2015). The positions
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of observed stars in such diagrams appear in the region below
the limit of wind inhibition by the X-ray source in agreement
with theory. Moreover, many stars appear close to the border of
wind inhibition indicating that their X-ray emission may be self-
regulated.
The impact of X-rays on the wind flow is also sensitive to
the wind mass-loss rate. Recombination is stronger for higher
density (higher mass-loss rate), reducing the effect of X-rays.
Therefore, a possible reduction of wind mass-loss rate esti-
mates from observations (Najarro et al. 2011; Bouret et al. 2012;
Šurlan et al. 2013; Cohen et al. 2014) may pose a problem for
wind models with X-ray irradiation. A similar issue also comes
from wind modelling, because the global (unified, i.e. including
the photosphere) hot star wind models predict mass-loss rates
that are lower than the previous theoretical calculations by a fac-
tor of between two and five (Krticˇka & Kubát 2017).
This problem can be alleviated by inclusion of clump-
ing into wind models (Oskinova et al. 2012). Clumping in
hot star winds is connected with the appearance of small-
scale structures in the wind. This influences the ionization
equilibrium (Hamann & Koesterke 1998; Bouret et al. 2003;
Martins et al. 2005b; Puls at al. 2006) and the radiative trans-
fer in the case of optically thick clumps either in con-
tinuum (Feldmeier et al. 2003) or in lines (Puls et al. 1993;
Oskinova et al. 2007; Sundqvist et al. 2010, 2011; Šurlan et al.
2012, 2013). Clumping is considered to be one of the
sources of X-ray variability in HMXBs (e.g. Fürst et al. 2010;
Oskinova et al. 2012; Manousakis & Walter 2015; Bozzo et al.
2016). The origin of clumping is likely the line-driven wind
instability (Lucy & Solomon 1970; Owocki & Rybicki 1984),
which may be initiated either in the photosphere by the turbulent
motions (Feldmeier et al. 1997; Cantiello & Braithwaite 2011;
Jiang et al. 2015) or self-initiated in the wind (Sundqvist et al.
2018).
To understand the effect of clumping on the X-ray ioniza-
tion, we included clumping into our METUJE wind models
(Krticˇka & Kubát 2017), which also include X-ray irradiation.
Inclusion of various physical effects into wind models requires
slight modifications of computational strategy. This is reflected
in the structure of this paper. Section 2 describes the calculation
of global wind models, which neglect wind clumping and X-ray
irradiation. The flux from global models is subsequently used
in the wind models with various radial distributions of clump-
ing (Sect. 3). The inclusion of X-ray irradiation, as well as wind
models that include both clumping and X-ray irradiation, are de-
scribed in Sect. 4. The implications of our models for the X-ray
luminosity of HMXBs are discussed in Sect. 5.
2. Global wind models
The wind modelling is based on our METUJE code
(Krticˇka & Kubát 2017). The code provides global (unified)
photosphere-wind models. It solves the radiative transfer equa-
tion, the kinetic (statistical) equilibrium equations, and the hy-
drodynamic equations both in the photosphere and in the wind.
The models are calculated assuming that the flow is stationary
(time-independent) and spherically symmetric.
We solve the radiative transfer equation in the comoving-
frame (CMF) following the method developed by Mihalas et al.
(1975). We include line and continuum transitions relevant in
atmospheres of hot stars in the radiative transfer equation. The
inner boundary condition for the radiative transfer equation is
derived from the diffusion approximation, and we assume nei-
Table 1. Adopted parameters of the model grid (stellar effective tem-
perature Teff , radius R∗, mass M∗, and luminosity L).
Model Teff R∗ M∗ log(L/L⊙)
[K] [R⊙] [M⊙]
Supergiants 300-1 30000 22.4 28.8 5.56
375-1 37500 19.8 48.3 5.84
Main-sequence 300-5 30000 6.6 12.9 4.50
375-5 37500 9.4 26.8 5.19
ther an additional source of radiation in the wind nor irradiation
of the outer boundary.
The ionization and excitation states of considered elements
(see the list in Krticˇka & Kubát 2009) are calculated from the
kinetic equilibrium equations (also known as NLTE equations).
The equations account for the radiative and collisional excita-
tion, deexcitation, ionization, and recombination. A part of the
models of ions was adopted from the TLUSTY model stellar
atmosphere input data (Lanz & Hubeny 2003, 2007). Because
the original TLUSTY ionic models are tailored to stellar at-
mospheres, additional ionic models are needed for wind mod-
elling. We prepared these additional models using the data from
the Opacity and Iron Projects (Seaton et al. 1992; Hummer et al.
1993) and using the level data from NIST (Kramida et al. 2015).
For phosphorus the ionic model was prepared using data de-
scribed by Pauldrach et al. (2001). The bound-free radiative rates
are consistently calculated from the CMF mean intensity, while
for the bound-bound rates we still use the Sobolev approxima-
tion.
To derive the temperature, we use a differential form of the
transfer equation deep in the photosphere, while we use an inte-
gral form of this equation in the upper layers of the photosphere
(Kubát 1996). The electron thermal balancemethod (Kubát et al.
1999) is applied in the wind. The hydrodynamical equations, that
is, the continuity equation, equation of motion, and the energy
equation, are solved iteratively. From this we obtain the wind
density, velocity, and temperature structure. The radiative force
due to line and continuum transitions is calculated in the CMF.
The line data for the calculation of the line force were taken from
the VALD database (Piskunov et al. 1995, Kupka et al. 1999)
with some updates using the NIST data (Kramida et al. 2015).
We calculated wind models for stellar parameters that
roughly correspond to typical parameters of O star primaries in
HMXBs. We selected two supergiants and two main sequence
stars with Teff = 30 000K and Teff = 37 500K. Stellar masses
and radii of these stars given in Table 1 were derived using rela-
tions of Martins et al. (2005a) for main sequence stars and super-
giants. We assumed solar chemical composition (Asplund et al.
2009) for our models.
3. Wind models with optically thin clumping
3.1. Simplification of wind models
The calculation of global windmodels is relatively time consum-
ing. Luckily, the photospheric turbulence does not significantly
modify the emergent flux. Therefore, to make the following cal-
culations more tractable, we do not account for the photosphere
in the wind models with clumping. Instead, we use the global
models to calculate the flux, which we subsequently apply as the
lower boundary flux in our wind models with clumping. A simi-
lar approach was employed in our previous models that used the
core-halo approximation (Krticˇka et al. 2012). The flux in the
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global models depends on radius, and we selected such a flux,
which leads to a mass-loss rate close to that of the global mod-
els.
Because our CMF procedure of the calculation of the radia-
tive force can be used only for monotonic flows and the flow
in the presence of the external irradiation may become non-
monotonic, we do not use a CMF calculation of the radiative
force directly in the following models. Instead, we calculate the
ratio of the CMF and Sobolev line force from a windmodel with-
out clumping and use this ratio to correct the Sobolev line force
in the models with clumping and subsequently also in models
with external X-ray irradiation. The Sobolev line force is cal-
culated from actual level populations (Krticˇka & Kubát 2004,
Eq. 25), which may be influenced by clumping and X-ray ir-
radiation (see Sect. 4).
3.2. General assumptions
The self-consistent way of including clumping into our
wind models would require employment of the time-
dependent hydrodynamical simulations (Owocki & Rybicki
1984; Feldmeier et al. 1997; Owocki & Puls 1999;
Runacres & Owocki 2002; Dessart & Owocki 2005;
Feldmeier & Thomas 2017; Sundqvist et al. 2018). How-
ever, the self-consistent solution of both NLTE equations and
equations of hydrodynamics is likely beyond the possibilities
of contemporary computers. To make the task more tractable,
we include an approximate effect of local wind inhomogeneities
(clumps) into our models.
The basic assumptions under which the clumps are included
into our wind models are the following:
1. The whole wind material is concentrated into the spatially
organized structures (clumps), the space between individual
clumps is void. The clumps are distributed randomly.
2. Each clump is homogeneous.
3. The presence of clumping explicitly affects only the wind
density. The wind velocity is assumed to be smooth and a
monotonically increasing function of radius.
4. We assume that the clumps are optically thin both in con-
tinuum and in lines. This option is also referred to as
micro-clumping, that is, the opposite of macro-clumping
which accounts for clumps that may be optically thick
(Feldmeier et al. 2003; Oskinova et al. 2007).
Under these assumptions the wind density ρ is given by
ρ =
{
ρ+ in the clumps,
ρ− outside the clumps, (1)
where ρ− = 0 according to our assumptions. We note that ρ+
is a function of radius. Following Abbott et al. (1981), we intro-
duce the filling factor f as a probability that a given volume ele-
ment is situated in the clump. The mean quantities are calculated
over the volume comprising a large number of clumps. In fact,
it would be possible to introduce two types of averaging, that is,
the volume one, which is defined for a given instant of time, and
the average over a sufficiently long time interval. However, for
simplicity, we assume that both approaches are equivalent.
According to these assumptions, the mean wind density 〈ρ〉
〈ρ〉 = fρ+, (2)
gives the mass-loss rate that does not explicitly depend on f . We
note that 〈ρ〉 is also a function of radius. The mean value of the
density squared is
〈ρ2〉 = fρ+2. (3)
Following Peimbert (1968) for example, we introduce the
clumping factor as
Cc =
〈ρ2〉
〈ρ〉2 . (4)
Using Eqs. (2) and (3) it can be shown that for the case of void
space between clumps the clumping factor is the inverse of the
filling factor,
Cc =
1
f
, (5)
(see also Hamann & Koesterke 1998, where the clumping factor
is denoted as D).
The radially dependent mean density 〈ρ〉 is the same in the
smooth wind as in the clumped wind with the same mass-loss
rate (and velocity profile). Consequently, the explicit form of all
equations that involve the linear terms in density remains the
same. The possibility of clumping is included only in the terms
in which the density squared features. In these term it is neces-
sary to formally substitute ρ2 → 〈ρ2〉 → Cc〈ρ〉2 (see Eq. (4) and,
e.g. Abbott et al. 1981; Antokhin et al. 1988; Schmutz 1995;
Hamann & Koesterke 1998). The details of the implementation
of clumping into our wind code are given in the Appendix.
3.3. Calculated models
We studied two different radial stratifications of clumping. We
assumed either constant clumping factor or we adopted the em-
pirical radial clumping stratification from Najarro et al. (2009)
Cc(r) = C1 + (1 −C1)e−
3(r)
C2 + (C4 −C1)e
3(r)−3∞
C3 . (6)
Here 3(r) is the wind radial velocity, 3∞ is the wind terminal ve-
locity, C1 and C4 are the clumping factors close to the star and
at large distances from the star, respectively, and C2 and C3 de-
fine the radial variations of clumping factor; C2 sets the onset
of clumping (in velocity space) and C3 determines the typical
velocity at which the clumping factor gradually changes from
C1 to C4. Because Eq. (6) may give Cc < 1, we used a lower
limit to Cc equal to 1. In comparison with monotonic increase
of the clumping factor with r, as adopted in some models (e.g.
Bouret et al. 2012), Eq. (6) accounts for the decrease of clump-
ing in outer regions of dense winds (Puls at al. 2006). Motivated
by typical values derived in Najarro et al. (2009, 2011), we as-
sume C1 = 10, C2 = 200 kms−1, C3 = 500 kms−1, and C4 = 1.
The dependence of clumping on actual wind velocity in
Eq. (6) is not practical for wind simulations. Therefore, within
our calculations, we derive Cc using the fit to the wind velocity
predicted for smooth wind with Cc = 1 (see Eq. (7)). Given the
empirical nature of Eq. (6) with many uncertainties, this change
is of minor importance. The radial variations ofCc for individual
wind models are given in Fig. 1.
The basic parameters of the wind with clumping are given in
Table 2. Clumping favours recombination, which leads to an in-
crease of the radiative force and therefore of the mass-loss rate,
because ions with lower charge drive the wind more efficiently
(e.g. Krticˇka et al. 2008). For supergiants we predict on aver-
age M˙ ∼ C0.4c for constant clumping factor, while Muijres et al.
(2011) predict M˙ ∼ C0.2−0.4c , in reasonable agreement. The in-
crease of the mass-loss rate is weaker in the models with radially
variable clumping factor after Eq. (6), because the mass-loss rate
is determined by conditions close to the star in our models where
clumping is weak (see Fig. 1).
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Fig. 1. Radial variation of the clumping factor according to Eq. (6) for
individual wind models from Table 1.
Table 2. Derived wind mass-loss rate M˙, wind terminal velocity v∞, and
velocity law fit parameters v1, v2, v3, and γ for models with clumping.
We specify either Cc for the models with constant clumping factor or
C1 for radially dependent clumping factor Eq. (6).
Model Clumps M˙ v∞ v1 v2 v3 γ
[M⊙ yr−1] [km s−1]
300-1 Cc = 1 4.5 × 10−7 1510 2130 0 −510 750
Cc = 3 7.7 × 10−7 1130 1930 −740 0 1500
C1 = 10 6.6 × 10−7 1480 2700 −1170 0 1500
375-1 Cc = 1 1.3 × 10−6 2020 3360 −1310 0 1720
Cc = 3 1.9 × 10−6 1990 3030 −990 0 9900
C1 = 10 1.7 × 10−6 2470 4370 −1850 0 1300
300-5 Cc = 1 1.3 × 10−8 1630 5490 −6800 3020 5600
Cc = 3 3.7 × 10−8 1430 2780 −1350 0 14000
C1 = 10 1.5 × 10−8 1340 3580 −4200 2100 12000
375-5 Cc = 1 1.1 × 10−7 2360 4620 −2280 0 8700
Cc = 3 2.1 × 10−7 2470 4310 −1770 0 9900
C1 = 10 2.0 × 10−7 2750 5310 −2480 0 8500
We fitted the radial velocity dependence v(r) of these models
using an analytic formula (we denote the analytic fit by v˜(r))
3˜(r) =
[
31
(
1 − R∗
r
)
+ 32
(
1 − R∗
r
)2
+ 33
(
1 − R∗
r
)3]
×
1 − exp
−γ
(
1 − r
R∗
)2
 , (7)
where 31, 32, 33, and γ are parameters of the fit given in Table 2
(see also Krticˇka & Kubát 2011). The radial increase of clump-
ing after Eq. (6) leads to an increase of the line force in the outer
wind, which may result in higher wind terminal velocity than
in the models with constant clumping factor. Therefore, radially
increasing the clumping factor can account for high observed
terminal velocities, which are underestimated in global models
without clumping (Krticˇka & Kubát 2017).
We also used the models to derive mean mass-absorption co-
efficient averaged over radii 1.5R∗ − 5R∗ and approximated its
wavelength dependence as
log
(
κ˜Xν
1 cm2 g−1
)
=
{
min(a1 log λ + b1, log a0), λ < λ1,
a2 logλ + b2, λ > λ1,
(8)
Table 3. Derived fit coefficients of the mass-absorption coefficient Eq. 8
for individual models.
Model Clumps a0 a1 b1 a2 b2
300-1 Cc = 1 205 2.618 −0.911 2.634 −1.431
Cc = 3 205 2.616 −0.901 2.617 −1.392
C1 = 10 205 2.616 −0.900 2.616 −1.390
375-1 Cc = 1 180 2.512 −0.827 2.590 −1.503
Cc = 3 190 2.569 −0.878 2.637 −1.501
C1 = 10 190 2.584 −0.892 2.646 −1.499
300-5 Cc = 1 155 2.361 −0.702 1.886 −0.786
Cc = 3 190 2.612 −0.914 2.658 −1.504
C1 = 10 175 2.485 −0.799 2.579 −1.503
375-5 Cc = 1 165 2.361 −0.703 1.778 −0.601
Cc = 3 185 2.508 −0.826 2.580 −1.500
C1 = 10 180 2.521 −0.836 2.598 −1.505
D
r d
hot star
compact
object
solution
of wind
equations
Fig. 2. Geometry of the model of a hot star wind irradiated by X-rays
from a compact companion. Here D is binary separation, r is radius of
studied point in the wind, and d its distance from the compact compan-
ion.
where λ1 = 20.18, and λ is the value of the wavelength in units
of Å. The parameters of the fit a0, a1, b1, a2, and b2 are given in
Table 3. The resulting values of κ˜Xν correspond typically within
10–20% to those given in the literature (e.g. Oskinova et al.
2006). It follows that the coefficients of the fit do not signifi-
cantly depend on clumping in most cases; consequently, clump-
ing does not significantly affect the opacity in the X-ray domain
(see Carneiro et al. 2016). This assumption is used to determine
mass-loss rates from X-ray line profiles (Cohen et al. 2014).
4. Wind models with X-ray irradiation
The inclusion of X-ray irradiation into our wind models closely
follows Krticˇka et al. (2012). In the present study, we aim at the
most significant influence of the X-ray irradiation, therefore we
solve the wind equation only along a radial ray in the direction of
the X-ray source (see Fig. 2). Similarly as for other models with
clumping (described in Sect. 3), we use the photospheric flux
and the Sobolev line force corrected for CMF radiative trans-
fer to solve wind equations (see Sect. 3.1). Our treatment of
the Sobolev line force neglects non-local radiative coupling be-
tween absorption zones, which occurs in non-monotonic flows
(Rybicki & Hummer 1978; Puls et al. 1993).
The influence of the compact secondary component is only
taken into account by inclusion of external X-ray irradiation,
which originates in the wind accretion on the compact compo-
nent. The X-ray irradiation is introduced as an additional term in
the mean intensity Jν
JXν =
LXν
16pi2d2
e−τν(r), (9)
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Fig. 3. Plot of the radial velocity for selected wind models 300-1. The black line denotes the model without either X-ray irradiation or clumping,
while blue and red lines denote models with the same X-ray irradiation (with the same LX and D) and different clumping: without clumping
(blue solid) and with Cc = 10 (red dashed). Here the clumping is allowed to affect the ionization structure only directly and not via the mean
density (mass-loss rate). Overplotted is the value of the ionization parameter Eq. (12) at the location of the velocity kink. Left panel: Model with
LX = 1036 erg s−1 and D = 200R⊙. Right panel: Model with LX = 1038 erg s−1 and D = 700R⊙.
where LXν is monochromatic X-ray irradiation luminosity, which
after the integration gives the total X-ray luminosity, LX =∫
LXν dν. The frequency distribution of emergent X-rays L
X
ν is
for simplicity approximated by the power law LXν ∼ ν−1 from 0.5
to 20 keV (see Watanabe et al. 2006). The distance of a given
point in the wind from the compact companion is d = |D − r|
from Fig. 2, D is binary separation, and τν(r) is the optical depth
between the given point in the wind and the compact companion,
τν(r) =
∣∣∣∣∣∣
∫ D
r
κν(r′)ρ(r′) dr′
∣∣∣∣∣∣ , (10)
where κν is the X-ray mass-absorption coefficient.
The absorption coefficient and the density in Eq. (10) can
be derived directly from the actual model. However, we used a
simplified approach to avoid possible problems with the conver-
gence of the model. Therefore, for the calculation of the exter-
nal X-ray irradiation in Eq. (9) we use the optical depth from
Eq. (10) calculated with density, velocity, and mass-absorption
coefficient in the form of
ρ(r) =
M˙
4pir2v(r)
,
3(r) = min(3˜(r), 3kink),
κν(r) = κ˜Xν , (11)
where 3kink is the velocity of the kink that may appear in the
wind model (otherwise 3kink = ∞), 3˜(r) is the fit (7) of the wind
velocity derived from the models without X-ray irradiation (if
the fit 3˜(r) > 3kink then the value of 3kink is taken), and κ˜Xν is the
radially averaged mass-absorption coefficient given by Eq. (8).
4.1. Influence of clumping on the X-ray wind inhibition
The influence of X-rays on the ionization state of matter with
atomic number density n is traditionally described using the
ionization parameter ξ = LX/(nd2) introduced by Tarter et al.
(1969, see also Hatchett & McCray 1977). Krticˇka et al. (2015)
accounted for the X-ray absorption in the intervening wind via
the ξ ∼ e−τν dependence. There is an additional effect in the pres-
ence of clumping, because a higher density of material inside
the clumps enhances recombination without any impact on pho-
toionization. Therefore, one may expect X-ray ionization to have
a weaker effect in clumped media, as shown by Oskinova et al.
(2012). We introduce the ionization parameter as
ξ(r) =
1
nd2Cc
∫
LXν e
−τν(r) dν. (12)
From this we can infer two different ways by which optically
thin clumps weaken the effect of wind X-ray photoionization.
The direct mechanism (Oskinova et al. 2012) gives ξ ∼ 1/Cc
due to the overdensity inside clumps which favours recombina-
tion, while the indirect one is connected with variations of the
wind mass-loss rate and its influence on n and τν. Because the
wind mass-loss rate increases with increasing Cc for optically
thin clumps (Muijres et al. 2011, see also Sect. 3.3), all these ef-
fects lead to a weaker influence of X-rays on the clumped flow.
Moreover, in winds which have high mass-loss rates and which
are optically thick in the X-ray domain (τν > 1), the indirect ef-
fect is expected to dominate due to the exponential dependence
on the optical depth in Eq. (12).
To test the applicability of the ionization parameter (12) in
the case of clumping, we calculated wind models with constant
clumping factorCc = 10 where only the direct effect of clumping
affects ξ. This can be achieved only in the models that (without
X-ray irradiation) give the same density and velocity structure.
To do so, we fixed the mass-loss rate and the terminal velocity
of the model without X-ray irradiation to values derived with-
out clumping (and without X-ray irradiation) by a multiplica-
tion of the radiative force. The multiplicative factor was differ-
ent below and above the critical point, because we fixed both
the mass-loss rate and the terminal velocity. Thanks to this, we
isolated the direct influence of clumping in Eq. (12) and elimi-
nated the indirect influence via n and τν (see Fig. 3). For a low
amount of X-ray irradiation or for a distant X-ray source (low ξ),
only wind velocity is affected by X-ray irradiation (Krticˇka et al.
2015; Sander et al. 2018). As a result of X-ray irradiation, higher
ionization states become more abundant. For weak X-ray irradi-
ation, the lower ionization states are not significantly affected;
consequently, weak X-ray irradiation causes a slight increase of
the radiative force and of the wind terminal velocity. However, a
stronger X-ray irradiation (with larger ξ) depopulates ions with
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Fig. 4. Plot of the radial velocity for selected wind models. The black line denotes the model without either X-ray irradiation or clumping, while
blue, red, and green lines denote models with the same X-ray irradiation (with the same LX and D) but with different clumping: without clumping
(blue, solid), with Cc = 3 (red dotted), and with radially dependent clumping factor after Eq. (6) with C1 = 10 (green dashed). Arrows denote
the location of the kink in the velocity profile with a corresponding value of the ionization parameter from Eq. (12). Upper left: Model 300-1
with LX = 1037 erg s−1 and D = 300R⊙. Upper right: Model 375-1 with LX = 1037 erg s−1 and D = 100R⊙. Lower left: Model 300-5 with
LX = 1035 erg s−1 and D = 30R⊙. Lower right: Model 375-5 with LX = 1036 erg s−1 and D = 100R⊙.
low charge that mostly drive the wind, and the radiative force and
the terminal velocity decrease. This is typically accompanied by
the appearance of a kink in the velocity profile where the veloc-
ity derivative changes sign. This is demonstrated in Fig. 3, which
shows the radial velocity in the models where clumping is al-
lowed to affect the ionization equilibrium only directly. The ion-
ization parameter ξkink at the location of the kink is roughly the
same in the models with and without clumping, which demon-
strates that Eq. (12) is able to reliably characterize the influence
of clumping on X-ray ionization.
From Fig. 4 it follows that the ionization parameter (12) rea-
sonably describes the effect of X-ray irradiation even in more
realistic models where the clumping affects both the ionization
and wind structure. In such models, both the direct and indi-
rect effects of clumping in Eq. (12) come into play. The plots in
Fig. 4 show the kink in the velocity profile, where the wind is
no longer accelerated due to X-ray ionization. For a given star,
Fig. 4 shows that the kink appears for roughly the same critical
ionization parameter ξkink ≈ 5 − 25 erg cm s−1 in agreement with
Krticˇka et al. (2015)1.
1 There we erroneously scaled down the value of the ionization param-
eter (evaluated at the critical point) by a factor of (4pi)2.
Figures 3 and 4 also show that clumping weakens the ef-
fect of X-ray irradiation. With stronger clumping, the kink in
the velocity profile appears at larger distances from the star and
at lower wind densities (higher velocities). This has important
implications for the regions of wind inhibition as they appear in
diagrams of X-ray luminosity versus the optical depth parameter.
4.2. Diagrams of X-ray luminosity versus the optical depth
parameter
The diagrams that display X-ray luminosity versus the optical
depth parameter were proven to be very effective in estimating
the impact of X-rays on the wind (Krticˇka et al. 2015). The opti-
cal depth parameter,
tX =
M˙
3∞
(
1
R∗
− 1
D
) (
103 km s−1 1R⊙
10−8 M⊙ yr−1
)
, (13)
is proportional to the radial optical depth between the stellar sur-
face and the X-ray source. Therefore, it enables us to separate
domains according to the type of influence that X-rays have on
the wind flow. We use the optical depth parameter defined by
Eq. (13) instead of the optical depth, because tX does not de-
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Fig. 5. Diagrams of X-ray luminosity vs. the optical depth parameter Eq. (13) for models without clumping and for individual stars from Table 1.
Each point describes models with different LX and D. Individual symbols discriminate between different effects of X-ray ionization on the wind:
black plus symbols (+) denote models with negligible influence of X-ray irradiation, while red crosses (×) denote models where X-ray irradiation
leads to the decrease of the wind terminal velocity. The shaded area ( ) marks the regions of the LX − tX parameters where the wind inhibition
appears. Overplotted are the positions of non-degenerate components of HMXBs from Table 4 (filled circles, •).
pend on energy. The value of tX in Eq. (13) is calculated with
mass-loss rate and terminal velocity unaffected by X-rays.
Diagrams of X-ray luminosity versus the optical depth pa-
rameter are given in Figs. 5 – 7 for different clumping factors
(see Table 2). The wind is not affected by X-ray irradiation for
low LX or for large binary separation. Such models appear in
right bottom corner of the LX − tX diagrams as black plus sym-
bols. With increasing LX or with decreasing binary separation,
the influence of X-rays becomes stronger and leads to the appear-
ance of the kink in the velocity profile and to a decrease of the
terminal velocity marked by red crosses. For a large X-ray lumi-
nosity or for a very close X-ray source, the kink approaches the
wind critical point2 leading to the wind inhibition (Krticˇka et al.
2012). Such models appear in the upper left corner of the LX− tX
diagrams.
Figure 5 displays the case without clumping (Cc = 1).
Adding the constant clumping factor (Cc > 1) in Fig. 6 has two
effects. The mass-loss rate becomes higher, shifting all models
in the diagram towards larger tX , and the boundary marking the
wind inhibition retreats towards larger LX with respect to mod-
els without clumping. The latter effect once again demonstrates
the weakening of the effect of X-ray irradiation with increasing
clumping. Similar effects also appear in Fig. 7 for the models
with the depth-variable clumping factor given by Eq. (6). How-
2 The critical point is defined as a point where the speed of the
radiative-acoustic Abbott waves is equal to the wind velocity (Abbott
1980; Feldmeier et al. 2008).
ever, the shift towards larger tX is shorter than in models with
Cc = 3 as a result of the weaker increase of the mass-loss rate.
The parameters of real wind-powered HMXBs should ap-
pear outside the region with wind inhibition (the forbidden re-
gion). To test this, we collected parameters of HMXBs with
Teff > 27 000K from the literature (see Table 4). We excluded
HMXBs with Roche overflow and Be/X-ray binaries powered
by disk accretion. Positions of collected stars are also plotted
in Figs. 5 – 7. The X-ray luminosities of HMXBs were de-
rived from the literature. We used the predicted mass-loss rates
(Krticˇka & Kubát 2017, given also in Table 4) and the terminal
velocities derived from the stellar parameters, v∞ = 2.6 vesc =
2.6 [2GM∗(1 − Γ)/R∗]1/2 (Lamers et al. 1995) to calculate the
optical depth parameter tX of HMXBs in diagrams of LX − tX
and in Table 4. In Figs. 6 – 7 we further corrected the HMXB
mass-loss rates for clumping. We multiplied the rates in Table 4
by the ratio of mass-loss rates with and without clumping from
Table 2.
Without clumping, many of the stars appear in the region
of wind inhibition (see Fig. 5). Contrary to our previous study
(Krticˇka et al. 2015), our results are based on global models,
which predict lower mass-loss rates (Krticˇka & Kubát 2017) and
therefore stronger influence of X-rays. As a result of lower mass-
loss rates, some stars moved to the region of wind inhibition.
The inclusion of clumping withCc = 3 does not remove stars
from the forbidden region (Fig. 6). The mass-loss rate of model
stars (Table 2) as well as the predicted mass-loss rate for the stars
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Fig. 6. As in Fig. 5, but using a constant clumping factor Cc = 3
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Fig. 7. As in Fig. 5, but using the variable clumping factor from Eq. (6) with C1 = 10
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Table 4. Parameters of HMXBs with a neutron star or black hole companion.
Binary Sp. Type log(L/L⊙) Teff [K] R∗ [R⊙] M∗ [M⊙] D [R⊙] LX [erg s−1] M˙ [M⊙ yr−1] tX Reference
X Perf B0Ve 4.69 32000a 7.2a 15.5 420 1.2 × 1035 1.5 × 10−8 0.1 18, 66
IGR J08408-4503f h O8.5I 5.83 34000 23.8 30 59 3.3 × 1032 1.1 × 10−6 2.3 50, 51, 52
PSR B1259-63f c O9.5Ve 4.9 34000d 8.1d 10 1000 3.5 × 1034 3.2 × 10−8 0.2 21, 22
IGR J16207-5129h B1Ia 5.4 29000a 20 20 40 2 × 1034 2.2 × 10−7 0.4 35, 36
AX J16319-4752 O8I 5.63 33000 20 35a 32 7.8 × 1034 5.1 × 10−7 0.5 57, 58
IGR J16328-4726h O8Iaf 5.68 33000a 21.3a 34.3a 61 1.4 × 1035 6.2 × 10−7 1.1 53, 54
IGR J16418-4532h O8.5I 5.69 32800 21.7 30 31.6 2 × 1036 6.4 × 10−7 0.6 9, 38
IGR J16465-4507h O9.5Ia 5.69 30000a 26 28 124 6.8 × 1036 6.4 × 10−7 1.5 31, 32
IGR J16479-4514h O8.5Iab 5.52 31000a 20 35 31.6 1.09 × 1034 3.4 × 10−7 0.3 11
IGR J16493-4348 B0.5Ia 5.76 28000a 32.2 47 55 1.3 × 1034 8.2 × 10−7 0.6 64, 65
4U 1700-377f O6.5Iaf 5.81 35000 22 46 35 2.2 × 1036 1.0 × 10−6 0.9 7, 8, 63
IGR J17252-3616 B0Ia 5.79 30000 29 15 51 1.6 × 1037 9.1 × 10−7 6.9 12, 13, 40
IGR J17354-3255h O9.5Iab 5.56 30000a 22.4a 28.8a 54 1.8 × 1036 3.9 × 10−7 0.7 48, 49
XTE X1739-302h O8.5Iab 5.65 32000a 21.7a 32.2a 173 4.8 × 1033 5.4 × 10−7 1.4 46, 47
IGR J17544-2619h O9Ib 5.4 29000 20.0 25.9 38.0 1.7 × 1035 2.2 × 10−7 0.3 33, 34, 56
SAX J1818.6-1703h B0.5Iab 5.7 28000a 30 25 120 6 × 1035 6.5 × 10−7 1.5 61, 62
LS 5039f O6.5V 5.19 37500 9.3 22.9 34.5 6 × 1034 9.6 × 10−8 0.3 26, 39, 44, 45, 59
IGR J18450-0435h O9Ia 5.58 30000 23 30 72 8 × 1036 4.3 × 10−7 0.8 16, 17, 43
4U 1907+09 O8.5Iab 5.68 29760 26.2 26.0 54 2 × 1036 6.2 × 10−7 1.0 25
IGR J19140+0951 B0.5I 5.47 28000a 23.2a 25.4a 70 3 × 1035 2.8 × 10−7 0.6 23
Cyg X-1f O9.7Iab 5.57 32000 19.9e 24.0 42.4 1.4 × 1037 4.1 × 10−7 0.8 27, 28, 41
4U 2206+54 O9.5Ve 4.7 32000a 7.3 16 76 1.8 × 1035 1.6 × 10−8 0.1 24, 60
Notes. Stellar parameters are taken from the literature, except for the mass-loss rate, for which we used fits of Krticˇka & Kubát (2017), and for
the optical depth parameter, which was calculated from Eq. (13). (a) Derived using the expressions of Martins et al. (2005a). (c) Possible disk
accretion. (d) Polar values. (e) In the direction of the companion. (f) Some alternative designations: X Per (HR 1209), IGR J08408-4503 (LM Vel,
HD 74194), PSR B1259-63 (CPD-63◦2495), 4U 1700-377 (V884 Sco, HD 153919), LS 5039 (V479 Sct), Cyg X-1 (V1357 Cyg, HD 226868),
and 4U 2206+54 (BD+53◦2790). (h) Supergiant fast X-ray transient (Lutovinov et al. 2013; Walter et al. 2015; Giménez-García et al. 2015).
References. (7) Clark et al. (2002); (8) van der Meer et al. (2005); (9) Drave et al. (2013); (11) Sidoli et al. (2013); (12) Mason et al. (2011b);
(13) Manousakis et al. (2012); (16) Goossens et al. (2013); (17) Sguera et al. (2007); (18) Tomsick & Muterspaugh (2010); (21) Sushch et al.
(2013); (22) Sierpowska-Bartosik & Bednarek (2008); (23) Prat et al. (2008); (24) Ribó et al. (2006); (25) Cox et al. (2005); (26) Casares et al.
(2005); (27) Herrero et al. (1995); (28) Hadrava & Cˇechura (2012); (31) Clark et al. (2010); (32) La Parola et al. (2010); (33) Drave et al.
(2014); (34) Pellizza et al. (2006); (35) Tomsick et al. (2009); (36) Bodaghee et al. (2010); (38) Chaty et al. (2008); (39) Herrero et al.
(2002); (40) Thompson et al. (2007); (41) Yan et al. (2008); (43) Zurita Heras & Walter (2009); (44) Moldón et al. (2012); (45) McSwain et al.
(2004); (46) Drave et al. (2010); (47) Bodaghee et al. (2011); (48) Sguera et al. (2011); (49) Sguera (2013); (50) Götz et al. (2007);
(51) Bozzo et al. (2010); (52) Gamen et al. (2015); (53) Fiocchi et al. (2013); (54) Romano et al. (2014); (56) Giménez-García et al. (2016);
(57) Giménez-García et al. (2015); (58) Rahoui et al. (2008); (59) Martocchia et al. (2005); (60) Corbet et al. (2007); (61) Zurita Heras & Chaty
(2009); (62) Boon et al. (2016); (63) Falanga et al. (2015); (64) Cusumano et al. (2010); (65) Romano (2015); (66) Lutovinov et al. (2012).
from Table 4 increase, causing a shift of the diagram to the right.
The predicted wind terminal velocity becomes lower, increasing
tX for model stars (see Eq. (13)). Consequently, the location of
observed stars shifts into the region of wind inhibition, and as a
result of this, a constant clumping factor does not improve the
agreement between observations and theory.
Stars are mostly removed from the forbidden region only
with the variable clumping factor according to Eq. (6) (Fig. 7).
The mass-loss rates slightly increase in comparison with the
models without clumping (see Table 2), while the predicted ter-
minal velocity remains large due to the radial increase of clump-
ing. Moreover,with increasing clumping, the influence of X-rays
becomes lower and as a result of these effects the positions of ob-
served HMXBs appear outside the region with wind inhibition.
There is direct observational support for the effect of wind
inhibition by X-rays. An O9.5 V star BD+53◦2790, the opti-
cal counterpart to the X-ray source 4U 2206+54, shows pecu-
liar wind with a very low terminal velocity (Blay et al. 2009).
This star is located close to the border of the wind inhibition
area in Fig. 7 and therefore its peculiar wind can be explained
as being the result of X-ray irradiation. Also, X Per appears out-
side the area of the wind inhibition in this diagram, which is
not in conflict with the considered wind accretion in this system
(Maitra et al. 2017).
We noticed two stars (not listed in Table 4) that may be
located in the area of wind inhibition. For 4U 1538-522, the
parameters from Torrejón et al. (2015) predict tX ≈ 0.2 for
LX = 2.9 × 1036 erg s−1. A similar problem appears for XTE
J1855-026 and parameters from Falanga et al. (2015). These sys-
tems are very compact (distance between the neutron star and
the primary is only a small fraction of the radius of the primary)
and, possibly, the X-rays are powered by Roche-lobe overflow
and not by wind accretion. An alternative explanation is that the
assumption of a simple geometry of the problem (see Fig. 2)
breaks down for compact systems.
4.3. Wind inhibition in the models with radial dependent
clumping: wind parameters and modification of CAK line
force
Because the models with radial dependence of a clumping factor
according to Eq. (6) (following Najarro et al. 2009) provide the
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Table 5. Derived parameters of the terminal velocity fit (14) and mass-
loss rate fit (15) for individual models with X-ray irradiation.
Model v∞,0 β1 β2 M˙0 s1 s2
[km s−1] [M⊙ yr−1]
300-1 1720 2.31 0.337 6.8 × 10−7 196 0.758
375-1 2340 1.16 0.299 2.4 × 10−6 20.4 0.910
300-5 2280 8.22 0.452 2.7 × 10−8 200 0.754
375-5 3410 3.90 0.376 2.3 × 10−7 51.4 0.729
Table 6. Line force multipliers for the models with clumping following
Eq. (6).
Model k α Q¯ ξkink [erg cm s−1]
300-1 0.099 0.575 220 9.2
375-1 0.090 0.620 630 12.6
300-5 0.520 0.410 100 22.8
375-5 0.135 0.580 470 19.2
best match with observations, we focus here on models with this
approximation of clumping. The decrease of the wind terminal
velocity due to X-ray irradiation can be roughly described by a
formula that resembles wind β-law (see Fig. A.1),
v∞(LX, D) = v∞,0
(
1 − R∗
D
)β1(LX/L36)β2
, (14)
where v∞,0, β1, and β2 are fit parameters. The values of these pa-
rameters derived by fitting model terminal velocities as a func-
tion of LX and D are given in Table 5. Here L36 = 1036 erg s−1.
The dependence of the model wind mass-loss rate on the
X-ray luminosity and on the binary separation is slightly more
complicated. The mass-loss rate first slightly increases with in-
creasing LX (by the order of 10%) due to increased radiative
force from newly appearing ionization states. However, for even
stronger LX the mass-loss rate decreases leading to wind inhi-
bition. The behaviour of the mass-loss rate close to the limit of
wind inhibition can be very roughly approximated as
M˙(LX, D) = M˙0
[
1 − exp
(
− (D − R∗)
2
s1(LX/L36)s2
)]
, (15)
where M˙0, s1, and s2 are fit parameters. The values of these pa-
rameters derived by fitting predicted mass-loss rates as a func-
tion of LX and D are given in Table 5.
Our models were calculated using X-ray irradiation in the
radial direction (assuming zero inclination, Fig. 2) but in real-
ity the inclination of incident X-rays might be non-zero (e.g.
Krticˇka et al. 2012). As a result, the terminal velocity and the
mass-flux depend on direction. Therefore, Eq. (14) predicts only
the terminal velocity in the direction of the compact companion
and the quantity M˙(LX, D)/(4pi) (see Eq. 15) gives the mass-flux
per unit solid angle in this direction.
In Table 6 we provide the radiative force multipliers k and
α (Castor, Abbott & Klein 1975; Abbott 1982) corresponding to
models with radially dependent clumping after Eq. (6). These
force multipliers can be used to approximate the radiative force
in hydrodynamical simulations without solving the NLTE prob-
lem. The force multipliers describe the strength (k) and slope (α)
of the line distribution function (Puls et al. 2000), but we sim-
ply selected the multipliers that give the best match with wind
mass-loss rate and terminal velocity of models without X-ray
irradiation (given in Table 2). We also provide the Q¯ param-
eter of Gayley (1995), which is more substantially physically
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Fig. 8. Observed X-ray luminosity in comparison with predicted X-ray
luminosity (16) for the stars from Table 4 for two limiting values of
relative velocity: v∞ (red crosses) and vorb (blue plus signs). Line denotes
one-to-one relation.
motivated and is related to the remaining force multipliers as
Q¯ =
[
(1 − α)k (c/vth)α
]1/(1−α), where the fiducial hydrogen ther-
mal speed is vth =
√
2kBTeff/mH).
The effect of X-ray irradiation can be roughly included
in hydrodynamical models by multiplication of the CAK line
force (Eq. (6) of Castor, Abbott & Klein 1975 or Eq. (16) of
Pauldrach et al. 1986) by a factor of exp(−ξ/ξkink). Here, ξ can
be calculated from Eq. (12) and the mean values of ξkink for in-
dividual model stars are given in Table 6.
5. Wind-powered X-ray luminosity
The X-ray luminosity of wind-powered HMXBs stems from
the release of the gravitational potential energy during wind
accretion. Within the classical Bondi-Hoyle-Lyttleton picture
(Hoyle & Lyttleton 1941; Bondi & Hoyle 1944) the accretion lu-
minosity is
LX =
G3M3X
RXD2v4
M˙, (16)
where MX and RX are the mass and radius of an accreting object,
and v is its relative velocity, which can be estimated using the
orbital velocity of the compact component vorb and the wind ve-
locity at the distance D of the compact component, vwind = v(D)
as
v2 = v2wind + v
2
orb. (17)
There are two limiting cases: either v = v∞ when the wind veloc-
ity is not affected by the X-ray source and the wind is accreted
at large distances from the non-degenerate star, or v = vorb in
an opposite case. Either way, for a given set of system parame-
ters Eq. (16) gives the maximumX-ray luminosity assuming full
conversion of gravitational potential energy to X-rays.
Sander et al. (2018) give a more precise estimate of X-ray
luminosity, where instead of the 1/v4 dependence in Eq. (16),
they introduce a dependence of 1/(v3vwind). However, with this
formula the X-ray luminosity formally diverges, LX → ∞ for
vwind → 0. This is avoided in reality, because for a very low
vwind the wind becomes fully inhibited, does not reach the grav-
itational well of the compact star and is trapped in the gravita-
tional well of a donor star. Therefore, the wind velocity should
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Fig. 9. X-ray luminosities of stars from Table 4 estimated using
Eqs. (16) and (17) inserting the terminal velocity (as vwind) derived from
Eq. (14) using observed X-ray luminosities. Plotted as a function of ob-
served X-ray luminosity. Line denotes one-to-one relation.
be at least roughly vorb to reach the compact star. To account for
this effect at least approximately, we keep the 1/v4 dependence
in Eq. (16) which does not diverge for vwind → 0.
The relation between observed and predicted X-ray lumi-
nosity according to Eq. (16) for stars from Table 4 is plotted
in Fig. 8. Without X-ray wind inhibition (for v = v∞), most of
the stars are located above the theoretical relation. Although this
might be partly due to the fact that the compact object is located
close to the massive star where the wind has not yet reached
the terminal velocity (Sander et al. 2018), for many objects this
would likely mean that their X-ray emission could not be wind-
powered. The agreement cannot be significantly improved by in-
creasing the mass-loss rate, because from Eq. (16) the X-ray lu-
minosity scales with mass-loss rate only linearly and an increase
of the mass-loss rate by two orders of magnitude (with respect
to current models) is not justified.
On the other hand, all stars are located below the maximum
theoretical expectation for the case of extreme X-ray wind inhi-
bition (for v = vorb =
√
GM∗/D, see Fig. 8 and also Ho & Arons
1987). This is caused by a very strong dependence, LX ∼ v−4.
This shows that current wind mass-loss rate predictions are able
to explain the observed X-ray luminosities in HMXBs. More-
over, this is strong observational support for the existence of
the wind velocity decrease due to X-ray radiation. Most stars
do not reach the maximum X-ray luminosity. There may be sev-
eral reasons for this: for many stars v > vorb, for a given star there
is a maximum X-ray luminosity due to wind inhibition, and fi-
nally the accretion may be suppressed by the compact star itself
(Shakura et al. 2012).
The decrease of the wind terminal velocity due to X-ray ir-
radiation predicted by Eq. (14) can be used to check the con-
sistency of estimated X-ray luminosities with observations. In-
serting v∞(LX, D) from Eq. (14) calculated for observed X-ray
luminosity and scaled by the ratio of the terminal velocity of a
given star (after Lamers et al. 1995) and model terminal veloc-
ity from Table 2 (for C1 = 10) into Eq. (17), we obtain from
Eq. (16) an estimate of X-ray luminosity. These estimates nicely
match the observed X-ray luminosities (see Fig. 9).
Inserting the terminal velocity fit (14) and mass-loss rate
fit (15) into Eq. (16) for a given D, we derive an equation for
the accretion X-ray luminosity as a function of X-ray irradiation
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Fig. 10. Accretion X-ray luminosity according to Eq. (18) as a function
of irradiation X-ray luminosity for the model 300-1 (black lines). La-
bels denote binary separation D. The intersections of straight red line,
which denotes one-to-one relation, with black curves correspond to the
solution of Eq. (18).
luminosity
LaccX = LX(LirrX ) =
G3M3X
RXD2
M˙(LX, D)(
v2∞(LirrX , D) + v
2
orb
)2 . (18)
The irradiating X-rays modify the wind terminal velocity and
mass-loss rate, and therefore the accretion luminosity LaccX is a
function of the irradiation luminosity LirrX (Fig. 10). For small ir-
radiation luminosities the X-rays do not significantly influence
either the terminal velocity or the mass-loss rate. Consequently,
the accretion luminosity is almost constant. For higher irradia-
tion luminosities the terminal velocity decreases, which results
in an increase of the accretion luminosity. The curves reach a
maximum accretion luminosity and start to decrease due to the
decrease of the wind mass-loss rate with X-ray luminosity for the
case of strong X-ray irradiation. This is nicely illustrated for or-
bital separations 30R∗ and 50R∗ in Fig. 10. With decreasing or-
bital separation the influence of X-rays becomes stronger, which
results in the shift of the maximum to lower irradiation luminosi-
ties.
In a stationary state the irradiation and accretion luminosities
are equal, LirrX = L
acc
X , and are given as a solution of Eq. (18).
This is an implicit equation, therefore the solution has to be
found numerically. The solution of Eq. (18) can be obtained
graphically from Fig. 10 using iterations LX,n+1 = LX(LX,n) for
n → ∞. According to the Banach fixed-point theorem (Banach
1922), such iterations converge if |dLX/dLX| < 1. This holds
for all curves in Fig. 10 and consequently we can expect that
the X-ray emission should be stable even in the presence of
X-ray feedback. Therefore, proper treatment of X-ray feedback
may suppress large fluctuations of mass-accretion seen in nu-
merical simulations (Blondin et al. 1990). Moreover, as a re-
sult of the shape of the curves, there are two types of solution
with LX = 1033 − 1034 erg s−1 and LX = 1036 − 1037 erg s−1
(Ho & Arons 1987).
This dichotomy may provide a natural explanation for the
two classes of X-ray binaries, that is, the supergiant fast X-
ray transients (SFXTs) and classical supergiant X-ray binaries
(sgXBs). The two classes of sgXBs have very similar binary
parameters, but differ in strength and variability of their X-ray
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emission. The X-ray emission of sgXBs is several orders of mag-
nitude stronger on average, while SFXTs show fast and strong
variability. This can be explained either by the difference in the
wind accretion (Shakura et al. 2012) or by the difference in the
wind itself (Giménez-García et al. 2016; Pradhan et al. 2018).
The latter explanation is supported by the systematic difference
between the absorbing column densities of SFXTs and sgXBs
(Pradhan et al. 2018). Based on our models, the differences be-
tween sgXBs and SFXTs can be explained by the strength of the
X-ray feedback. In a state with low X-ray luminosity, the wind is
basically unaffected by X-rays, has a relatively high speed, and
from the continuity equation M˙ = 4pir2ρv has a very low density
ρ ∼ 1/v. As a result of the high speed, the accreted amount of
mass is low (see Eq. (16)) and as a result of low density the ab-
sorbing column is also low, which are characteristic properties
of SFXTs. On the other hand, with large X-ray luminosity the
wind velocity decreases, increasing the mass-accretion rate and
the absorbing column density. The latter corresponds to sgXBs.
The parameters of SFXTs in Table 4 (denoted with index h
there) support this picture. Either the optical depth parameter of
SFXTs is typically large, tX & 1, or the binaries are located in
the bottom part of LX − tX diagrams.
From Fig. 10 it follows that just a small change of binary
separation on the order of ten percent may cause transition from
the SFXT regime to the sgXB regime. Another parameter that
may determine the type of the object is the stellar luminosity,
by setting of the wind mass-loss rate or the surface gravity,
which determines the terminal velocity. In our explanation we
neglected the role of the magnetic field and spin of the neutron
star, which may still be important in affecting the mode of accre-
tion (Shakura et al. 2012; Bozzo et al. 2016).
The existence of X-ray luminosity maxima in Fig. 10
is connected with the self-regulated state found in sgXBs
(Krticˇka et al. 2015). For irradiation X-ray luminosities lower
than the maximumone, an increase of the X-ray luminosity leads
to stronger feedback, lower wind velocities, and stronger X-ray
emission. On the other hand, if the irradiation X-ray luminosities
overshoot the maximum accretion X-ray luminosity, this leads to
a decrease of the wind mass-loss rate and a decrease of the ac-
cretion X-ray luminosity.
Sensitivity of wind feedback on orbital and wind parameters
may also contribute to the variability of X-ray luminosity on flow
timescale τflow ≈ D/v∞, which is of the order of hours to days.
The transitions between states with high and low X-ray lumi-
nosity may be triggered by the wind perturbations that include
inhomogeneities on small or large scale (Oskinova et al. 2012;
David-Uraz et al. 2017).
6. Conclusions
We studied wind inhibition in wind-powered HMXBs. We in-
cluded the X-ray irradiation into our wind models and studied
its effect on the radiative force for various X-ray luminosities
and binary separations. As a result of strong X-ray irradiation,
the radiative force that drives the wind decreases. This leads to
the appearance of a kink in the wind velocity, which reduces the
wind terminal velocity. For a very strong X-ray irradiation, the
position of the kink approaches the star and the wind may fall
back onto the star or the mass-loss may even reduce, leading to
wind inhibition.
This wind inhibition may be conveniently studied in dia-
grams that combine the X-ray luminosity and the optical depth
parameter. There was a good agreement between the position of
observed stars in the LX versus tX diagrams and the theoretical
expectations in our previous models (Krticˇka et al. 2015). How-
ever, more advanced global wind models predict significantly
lower wind mass-loss rates, which results in the appearance of
stars in the area corresponding to the wind inhibition.
The above agreement can be improved by introducing opti-
cally thin clumping (microclumping). Small-scale wind inhomo-
geneities (clumping) are expected to appear in the winds based
on both theory and empirical evidence. Clumping improves the
agreement between the expected and observed positions of the
stars in the LX versus tX diagrams, because it weakens the effect
of X-ray irradiation (as it favours recombination) and leads to
an increase of the wind mass-loss rate. We tested different types
of radial variations of the clumping factor and the best match
between the models and observed properties of HMXBs was de-
rivedwith the radially variable clumping of Najarro et al. (2009).
Based on our models, we described the influence of X-ray
irradiation on the terminal velocity and on the mass-flux in the
direction of a compact star in a parametric way. This enabled us
to estimate the X-ray luminosities of individual HMXBs from
their binary parameters assuming Bondi accretion. Without in-
troducing the wind inhibition, the expected X-ray luminosities
are typically lower than observed values by two to three orders
of magnitude. However, introducing the reduction of wind ve-
locities due to X-rays, the compact companion accretes a much
larger amount of the wind and produces larger X-ray luminosi-
ties in agreement with observations.
As a result of the ionizing feedback of X-ray radiation,
the equation for the X-ray luminosity within the Bondy-Hoyle-
Lyttleton accretion picture becomes implicit. The derived roots
however yield a stable solution of this equation. This also implies
that the resulting X-ray luminosity can be expected to be stable.
Moreover, there are two types of solution. One solution corre-
sponds to weak X-ray irradiation with LX = 1033 − 1034 erg s−1
and the second solution corresponds to LX = 1036 − 1037 erg s−1.
These two types of solution may provide a natural explanation
for the two classes of X-ray binaries, that is, the SFXTs and
sgXBs.
We also provide CAK line force multipliers for studied stars
and introduce additional parameters that account for the influ-
ence of X-ray irradiation. These parameters can be used in hy-
drodynamical simulations.
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Fig. A.1. Dependence of the terminal velocity on the binary separation for models from Table 1 with clumping after Eq. (6) for different X-ray
luminosities (crosses). Overplotted is the corresponding fit Eq. (14) for different values of LX.
Appendix A: Implementation of clumping into the
wind code
The mean opacity 〈χ〉 in the case of a clumpy medium can be
derived from the contributions of clumps (+) and an interclump
medium (−),
〈χ〉 =
∫ (+)
χ+ dV +
∫ (−)
χ− dV = fχ+ = f κ+ρ+ = κ+〈ρ〉, (A.1)
where κ+ is the opacity per unit of mass in the clumps, (+) and
(−) denote the integration in the clumps only and in the inter-
clump media only, respectively, and where we integrate over a
suitably chosen volume V containing a large number of clumps.
We assumed a void interclump medium, and consequently χ− =
0. Using the mean opacity it is possible to calculate the optical
depth,
τ =
∫
κρ dr =
∫ (+)
κ+ρ+ dr +
∫ (−)
κ−ρ− dr =
1
f
∫ (+)
κ+〈ρ〉 dr =
∫
κ+〈ρ〉 dr = f
∫
κ+ρ+ dr =
∫
〈χ〉 dr,
(A.2)
where we used Eqs. (1), (2), and the definition of f . The volume-
averaged emissivity is
〈η〉 =
∫ (+)
η+ dV +
∫ (−)
η− dV = fη+, (A.3)
where we again used the definition of f .
In our models, we solve for the relative occupation numbers
Ni = ni/nelem, where ni is the occupation number of a level i and
nelem is the number density of a given element (Krticˇka & Kubát
2004). Consequently, to include the clumping we modified our
code in a following way:
– The electron number density that features in the statistical
equilibrium equations (and consequently also in the calcula-
tion of the Saha-Boltzmann factors) is taken as Cc〈ne〉.
– The electron number density that features in the free-free
emission term is also taken as Cc〈ne〉.
– The electron number density that features in the equations of
thermal balance of electrons is taken as Cc〈ne〉.
These modifications enable us to take into account the optically
thin clumps. For example, using the relative number densities
inside the clumps we calculate the mean opacity (see Eq. (A.2))
as 〈χ〉 = κ+〈ρ〉. The modified Saha-Boltzmann factors enable us
to calculate correct free-bound emissivity in a clumpy environ-
ment (see Eq. (A.3)). The mentionedmodification of the electron
density is necessary to obtain correct emissivity due to the free-
free transitions. Finally, with using the relative number densities
Ni and the mean wind density it is possible to obtain the cor-
rect opacity for the solution of the radiative transfer equations in
lines (which is used in the statistical equilibrium equations and
for the calculation of the radiative force).
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We applied a test devised by J. Puls (priv. commun.) to check
for the validity of including clumping. Our code successfully
passed the test. Moreover, the ionization parameter Eq. (12) also
fulfills the test.
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